Background-Socioeconomic inequalities in obesity are consistently observed in high-income countries. The development of such inequalities across childhood; however, has not been studied using longitudinal data.
Introduction
The prevalence of obesity in children and adolescents in the United Kingdom has almost tripled in the past 20 years (1) , and the picture is similar in many developed nations (2) (3) (4) (5) . Adiposity in childhood tends to persist ('track') into later life. A systematic review identified 13 high-quality studies, all of which demonstrated tracking of childhood (≤12 years) and adolescent (≥13 to ≤18 years) overweight into adulthood (6) . Furthermore, rapid weight gain in infancy is associated with later obesity (7, 8) .
Socioeconomic disparities in adiposity are consistently observed in high-income countries, with both adults (9) and children (10) in lower socioeconomic groups tending to be more adipose. The age at which socioeconomic differences emerge is; however, unclear. A systematic review of cross-sectional studies, and a cross-national cross-sectional study not included in the review, suggest that socioeconomic differentials are present from at least age 5, with some evidence they may decrease around puberty, emerging again in adulthood (10, 11) . The few studies that have used longitudinal data have explored trajectories from late childhood only. For example, one study explored differentials in trajectories from age 11 (12) and a second from age 9 (13) . To our knowledge no previous study has reported the emergence of socioeconomic differentials in adiposity in a cohort with repeat measurements since birth. Given the important influence of adiposity to many adverse health outcomes, an understanding of when inequalities in adiposity emerge is likely to be important in informing the development of interventions to reduce inequalities in these health outcomes.
To describe the emergence of inequalities in obesity in contemporary children in a highincome country, we examined socioeconomic differentials in trajectories of adiposity from birth to age 10 years in the Avon Longitudinal Study of Parents and Children (ALSPAC). There is some evidence that shifting trends in adiposity are due to an upwards shift in the top end of the adiposity distribution (3). Therefore we also explored whether the distribution of adiposity is more right-skewed in lower socioeconomic groups to assess whether this could be driving socioeconomic differences in adiposity.
Materials and methods

Study population and ethics
ALSPAC is a prospective birth cohort study in South-West England (14) , full details of which are available on the study website (www.bristol.ac.uk/alspac). Pregnant women resident in one of three Bristol based health districts with an expected delivery date between 1 April 1991 and 31 December 1992 were invited to participate. Of these women, 14 541 were recruited. From these pregnancies, there were 14 062 live-born children, 13 988 of whom were alive at one year. Follow-up has included parent-and child-completed questionnaires, links to routine data, and clinic attendance. A random sub-sample of children from the last 6 months of recruitment ("Children in Focus" group, approximately 10% of the cohort) were invited to clinics between ages 4 months and 5 years; all children were invited to yearly clinics from age 7 to 10 years. Ethical approval was obtained from the ALSPAC Law and Ethics Committee and the Local Research Ethics Committees.
Measurements
A questionnaire at 32 weeks gestation asked mothers to report their educational attainment, which was categorised as below O-Level (Ordinary Level; exams taken in different subjects usually at age 15-16 at the completion of legally-required school attendance, equivalent to today's UK General Certificate of Secondary Education),O-Levelonly,A-Level(AdvancedLevel; exams taken in different subjects usually at age 18), or university degree or above. We also examined socioeconomic differentials with household occupational social class, but as results were the same as those presented here for education, these are not presented or discussed further (available from authors on request).
Birth weight was extracted from medical records, and birth length was measured by ALSPAC staff that visited newborns soon after birth (median 1 day, range 1-14 days), using a Harpenden Neonatometer. Height and weight data are available from several sources: extracted from health visitor records (routine measurements taken as part of standard child care in the UK, in this sample we had up to four measurements taken on average at 2, 10, 21, and 48 months of age), parental reports from questionnaires, and measurements from clinic attendances. At clinics, height was measured to the last complete mm using the Harpenden Stadiometer. At clinics before age 7, weight was measured using Fereday 100 kg combined scale (4-month clinic), Soenhle scale or Seca scale model 724 (8-month clinic), Seca 724 or Seca 835 (12-month clinic), Seca 835 (18-months onwards). At clinics after 7 years, weight was measured using the Tanita Body Fat Analyser (Model TBF 305). Children were dressed in light clothes without shoes for weight measurements.
Patterns of BMI change in early childhood are extremely complicated; BMI increases in the first few months of life, decreases until approximately age 3-7 years, and subsequently increases again. Given this, and to be consistent with the International Obesity Task Force who only presented BMI cut-offs for overweight and obesity for children over 2 years of age (15), we decided not to model BMI from birth. Rather, ponderal index (PI) was used as the measure of adiposity from birth to 2 years. BMI was modelled from 2 to 10 years. We preferred to use BMI rather than PI after 2 years, as BMI is more commonly used both in the research literature and in clinical practice. PI was calculated as weight (kg) divided by height (m) cubed; BMI was calculated as weight (kg) divided by height (m) squared.
Statistical analysis
Implausible measurements (>4 standard deviation [SD] from the mean) were dropped (approximately 0.1% of measurements). All other available measures were used in analyses. We demonstrated in previous work that routine measurements of height and weight (taken by health visitors) have good accuracy (16) , but measurements reported by children's carers in questionnaires are likely to be less accurate (17) . To account for this, a binary indicator of measurement source (research clinic or health records versus questionnaire) was included in all models.
We estimated individual adiposity trajectories using linear spline mixed-effects models, using the statistical package MLwiN version 2.10 (www.cmm. bristol.ac.uk/MLwiN/ index.shtml). Such models allow for the change in scale and variance of adiposity over time and use all available data from eligible children under a missing at random assumption. They allow for individual variation in growth trajectories, as random effects allow each individual to have different intercepts and slopes. Models for PI (birth to 2 years) and BMI (2 to 10 years) were constructed separately for boys and girls. Knot points were set at 2 months for boys' PI; 1 and 4 months for girls' PI; 56, 67, 73, 79, and 105 months for boys' BMI; 60, 65, 75, 81, and 103 months for girls' BMI. Full details of the statistical modelling are provided in the Web Supplementary material.
Actual and predicted measurements (from the multilevel models) were compared to assess model fit.To verify that models were not dominated by individuals with large numbers of measurements, models were re-run with random subsamples of observations within each individual, such that no individual had more than six (the 75 th centile) measurements. The coefficients from this model were very similar to those from the full model, as were residual estimates (R≥0.9).
To assess whether the distribution of BMI was more right-skewed in lower socio-economic position (SEP) groups, histograms of BMI and the extent of skewness were examined for maternal education categories. Skewness is a measure of the asymmetry of the probability distribution of a random variable. Technically it is the 3 rd standardized moment.
Results
Data and population
PI measures were available on 6 323 boys and 5 923 girls who also had data on maternal education, median four measurements, inter-quartile range (IQR) 3 to 6. BMI measures were available on 5 850 boys and 5 530 girls who also had data on maternal education, median four measurements, IQR 3 to 6 (Table I ). There was little evidence of differences between individuals included in our models and the full ALSPAC cohort in terms of maternal education, birth length and weight, or maternal pre-pregnancy BMI (Supplementary Table I ). Approximately 30% of children had mothers in the lowest education category, approximately 13% were in the highest category (Table I ). The number of measurements was greater in higher socioeconomic groups, e.g., the median was three BMI measures in the lowest maternal education category and five in the highest category. The socioeconomic differential in the number of measurements was smaller for PI (e.g., median four PI measures in the lowest maternal education category and five in the highest category) as most children have routine measures from health visitor records. Supplementary Figures 2 and 3 show the average predicted PI and BMI trajectories across childhood from our models.
Model fit
Autocorrelation is residual correlation between an individual's measurements as a decreasing function of the difference in the age at measurement, a phenomenon that can cause problems in growth models, particularly when repeated measurements are close together in time as they are in these analyses (18) . We examined the correlation of the difference between a measurement and the measurement predicted by the model and this difference for the previous measurement to give an indication of the extent of autocorrelation in our models. This was -0.21 for boys and -0.24 for girls for ponderal index. For BMI, it was 0.27 for boys and 0.22 for girls. These values indicate weak levels of autocorrelation and given the goodness of fit of our model as demon-strated in Table II , together with computational difficulties in incorporating autocorrelation into growth models in MLwiN, we did not account for autocorrelation in further analyses. Despite the skewed distribution of BMI, the residuals for each period of PI and BMI change were approximately normally distributed (residual diagnostic plots available from authors on request).
Socioeconomic differentials in ponderal index
There is no clear socioeconomic patterning of PI at birth in either boys or girls (Table III) . Figures 1 and 2 show the trajectories of PI from birth to 2 years for each maternal education category (for boys and girls, respectively). For both boys and girls, a likeli-hood ratio test indicated strong evidence of an over-all interaction between maternal education and PI trajectories (two-sided P<0.001). However, when the predicted values of PI at fixed ages were assessed, differences between maternal education categories were small (Table III) . Amongst boys, there is no clear pattern of socioeconomic differential in PI between birth and 2 years. Amongst girls, there is some indication that girls of degree-educated women tend to have lower PI, but the differences are very small, and there is no clear gradient across the other three maternal education categories.
Socioeconomic differentials in body mass index
For both boys and girls, a likelihood ratio test indicated strong evidence of an overall interaction between maternal education and BMI trajectories (two-sided P<0.001).
Amongst boys, all maternal education categories have similar BMI levels from 2 to 4 years (Table IV, Figure 3) . Between 2 and 6 years, the BMI of boys with degree-educated mothers is decreasing at a faster rate than the other maternal education categories. By 7 years, the socioeconomic patterning of BMI in boys has stabilised, with sons of degree-educated women having lower BMI and a lower rate of BMI increase than the other three maternal education categories. Mean BMI in sons of the three lower maternal education categories remain similar in the trajectories. The magnitude of the BMI difference between sons of the degree-educated mothers and the other categories increases over time between 7 to 10 years. By 10 years old, boys in the degree category of maternal education have on average a BMI 0.38 kg/m 2 lower than boys in the less then O-Level maternal education category (note that the standard deviation of boys' BMI measures between 105-120 months of age is 2.54, so this difference represents approximately 15% of a standard deviation).
Amongst girls, daughters of degree-educated women have slightly higher BMI at 2 years than the lower maternal education categories (mean BMI in degree group 16.55 kg/m 2 compared with 16.40 kg/m 2 in less than O-Level group) and their BMI decreases at a faster rate than the other maternal education categories between 2 and 6 years. By 4 years old, daughters of degree-educated women have lower BMIs than lower maternal education categories. From 7 years onwards, the socioeconomic differential in BMI across all categories of maternal education increases (Table IV, Figure 4) 
Socioeconomic differentials in BMI distribution
Examining the skewness of the BMI distribution across categories of maternal education revealed no clear socioeconomic differences in skewness of BMI amongst girls. In boys there was some indication that sons of mothers with a university degree had a less rightskewed distribution than the other three categories of maternal education, skewness of BMI in sons of degree-educated women was 1.1 compared with 1.3 in all other maternal education categories ( Figures 5 and 6 for boys and girls, respectively, and Supplementary Table II) .
Discussion
Main findings
Whilst many studies have shown that socioeconomic inequalities in adiposity are now common in children across high-income countries (10), including cross-sectional analyses of this population at ages 10 years (19) and 11 years (20), few studies have been able to investigate the patterns of socioeconomic differentials in adiposity across childhood using longitudinal data, particularly in early childhood. In this study, we have examined socioeconomic differences in trajectories of adiposity from birth to 10 years old. We found very little evidence of socioeconomic patterning of adiposity in infants and very young children. Socioeconomic differentials in adiposity began to emerge at about age 4 years, becoming stronger with age, and demonstrating clear and consistent patterns from about age 7 years. In boys, the differential was due primarily to the difference between the degree category and all other maternal education categories. In girls, the pattern was similar to boys until age 8 at which time an adiposity gradient across all four categories of maternal education emerged. The socioeconomic inequality was wider in girls than boys.
There is some evidence (from mean-difference plots of the BMI in successive crosssectional surveys) that increasing mean BMIs are due to an upwards shift in the top end of the distribution, i.e., those at the top end of the BMI distribution are getting more adipose (3). We therefore hypothesised that socioeconomic differences in adiposity may be due to increased BMI amongst those at the top end of the distribution. In this study, we did not find any evidence of increased skewness of the BMI distribution of children with decreasing maternal education in girls, and in boys there was only slightly less skew in the distribution of the degree category compared with all other maternal education categories. However, we are modelling here BMI, an index of weight for height, and different trends in fat and lean mass could explain any skewness.
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Changes in socioeconomic inequalities in adiposity over time
The relationship between SEP and BMI appears to be changing over time. In earlier cohort studies, socioeconomic differentials in childhood adiposity were not observed. A review of older cohorts published in 2002 (children aged up to 18 years and young adults aged up to 24 years, who had largely been born between the 1940s and 1980s) did not demonstrate socioeconomic inequalities in adiposity in childhood, but did find evidence of socioeconomic patterning of adiposity in young adults (21) . A study of Glasgow students (attending the university health service between 1948 and 1968) did not find social patterning of early adult adiposity (mean age 23 years in men and 20 years in women), but in these same individuals childhood SEP predicted later adult BMI (mean age 39 years in men and 36 years in women), despite little heterogeneity in their adult SEP (22) . A study in France compared two cross-sectional studies of 5-year-olds, one in 1989 and another in 1999. Between the two time points, prevalence of overweight and obesity remained constant in those with higher parental occupational class. In the intermediate classes, there was an increase only in the BMI of those children at the top of the BMI distribution, i.e., the heaviest children became heavier still. In the lower social class; however, there was an increase in BMI across the whole population (4) . In participants of the 1958 birth cohort study, there was little or no socioeconomic inequality in childhood adiposity; by contrast amongst the participants' offspring (born between 1982 and 1987) higher SEP was associated with lower adiposity (23) .
The fact that we observe the emergence of socioeconomic inequalities in adiposity in children as young as 4 years old, and the fact that these inequalities are widening with increasing age of the children suggests that these children may well demonstrate even wider socioeconomic inequalities in adulthood obesity, cardiovascular diseases, and diabetes than those experienced by contemporary adults. Public health interventions addressing obesity should therefore include young, pre-school children. Population-based interventions, if successful, may have a greater overall population impact on the reduction of obesity and its associated complications than interventions targeted at lower socioeconomic groups. However, it is well known that many interventions are initially taken up to a greater extent by more socially advantaged groups, leading to a widening of socioeconomic differentials. In order to reduce socioeconomic inequalities in obesity, cardiovascular disease and diabetes, it will be necessary to either target interventions at disadvantaged groups, or to attempt to promote their greater participation in population-wide interventions. Our study used maternal education as the measure of SEP, although findings were very similar when using paternal education or household occupational social class (results available from authors on request). Socioeconomic factors are likely to be associated with child adiposity through a number of pathways, including knowledge, attitudes, financial and other constraints on nutrition and physical activity patterns. Further research investigating the behavioural and other factors that explain socioeconomic inequalities in adiposity will be useful to inform intervention design.
Gender differences in socioeconomic inequalities in adiposity
We observed wider inequalities in adiposity in girls compared with boys. This is consistent with findings in adults (9), but a systematic review of studies of children from developed countries published since 1989 showed no gender difference in inequalities in adiposity in over half of the 19 studies reporting associations separately for boys and girls, and mixed findings in the remaining studies (10) .
The reasons for inequalities in adiposity being wider in girls are unclear. There is some evidence that boys are more likely than girls to participate in sport, regardless of their SEP (24) , and that the inverse association between physical activity and adiposity tends to be stronger among boys than girls (25, 26) . However, there is little evidence of a socioeconomic gradient in objectively measured physical activity within ALSPAC (27) , although there is evidence that boys are more likely to participate in moderate-to-vigorous activity (27) , which has been shown to be more strongly associated with reduced fat mass than total activity (26) . In the context of adults, McLaren discusses the possibility that men place value on larger body size, associating it with power and dominance, whereas women value thinness, and proposes this as at least a partial explanation for the wider inequalities in adiposity in women compared with men (9) . The relevance of this to young children is questionable, although there is some evidence from a study of 10-14-year-olds that girls wish to be thinner whereas boys wish to be larger (28) .
Strengths and limitations
The main strengths of this study are its uniqueness in examining adiposity trajectories from birth to age 10 in a large sample size with a large number of repeat measurements and in exploring differentials in the shape of the BMI distribution across different socioeconomic groups.
Our modelling approach has allowed us to examine trajectories of adiposity across childhood, taking account of the different timings and numbers of measurements between children. By using a linear spline model, we have been able to simplify the trajectories, whilst retaining good fit between actual and predicted values. Drop out from any research study is likely to be socially patterned. Whilst in our data we have fewer measurements for lower SEP children, there are very few children in the ALSPAC cohort who did not have at least one measurement included in these analyses. Furthermore, there are no differences in the SEP distribution between those children included in these models and the full ALSPAC cohort. Missing data is therefore unlikely to have caused bias in these analyses.
BMI has been shown to underestimate socioeconomic inequalities in adiposity in childhood compared with dual x-ray (DXA) assessed fat mass (19) . Our findings may, therefore, underestimate the degree of socioeconomic inequality, but without repeat measurements of DXA-assessed fat mass across age from birth to 10 years, we are unable to assess this. To our knowledge no other study has repeat measurements of DXA across infancy and early childhood in a large cohort.
Supplementary material available online
Refer to Web version on PubMed Central for supplementary material. Ponderal Index trajectories from birth to two years by category of maternal education (boys). 
